Terbium-doped yttrium-aluminum oxide films were synthesized by spin-on deposition on porous anodic alumina grown on a silicon wafer and annealed from 400 to 1100°C. An influence of the annealing temperature on the terbium photoluminescence ͑PL͒ was studied using two-dimensional PL excitation and time-resolved spectroscopy. Further, a comparison of thermal quenching data for the most intensive 5 D 4 → 7 F 5 luminescence band of Tb 3+ ions was performed for 10-300 K. From the resultant data, the mechanisms of Tb excitation and its dependence on the annealing conditions are proposed and discussed. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3373123͔ All rights reserved. The development of advanced light-emitting materials has received growing interest in recent years. The main requirements imposed on a light source are high emission efficiency, low power consumption, stability in different environments, and low cost of production. One of the solutions that meets these requirements is emitters doped with rare-earth ͑RE͒ ions. The emission wavelengths of different RE ions, playing the role of doping impurities in diverse host materials, cover a broad optical range from UV to IR. As a result, RE-doped materials have already found many applications, e.g., in large-sized displays, environmental-friendly lamps, lasers, and amplifiers. Yttrium-aluminum oxides, particularly yttrium-aluminum garnets, doped with RE, are considered as an important class of lightemitting materials due to their remarkable optical and mechanical properties. Several low cost chemical routes and deposition techniques have been proposed for the fabrication of coatings from these light-emitting materials, reducing the necessary power consumption compared with solid-state synthesis. Among them are spray pyrolysis of the solution of salts, 2 coprecipitation, 3 and sol-gel synthesis.
The development of advanced light-emitting materials has received growing interest in recent years. The main requirements imposed on a light source are high emission efficiency, low power consumption, stability in different environments, and low cost of production. One of the solutions that meets these requirements is emitters doped with rare-earth ͑RE͒ ions. The emission wavelengths of different RE ions, playing the role of doping impurities in diverse host materials, cover a broad optical range from UV to IR. As a result, RE-doped materials have already found many applications, e.g., in large-sized displays, environmental-friendly lamps, lasers, and amplifiers. 1 Yttrium-aluminum oxides, particularly yttrium-aluminum garnets, doped with RE, are considered as an important class of lightemitting materials due to their remarkable optical and mechanical properties. Several low cost chemical routes and deposition techniques have been proposed for the fabrication of coatings from these light-emitting materials, reducing the necessary power consumption compared with solid-state synthesis. Among them are spray pyrolysis of the solution of salts, 2 coprecipitation, 3 and sol-gel synthesis. 4 The sol-gel technique, when usually metallorganic precursors are used as one of the components of a sol, avoids treatment at high temperatures. However, the presence of residual carbon-and hydrogen-containing groups in bulk or spin-on fabricated xerogels 5, 6 may affect the optical properties of RE-doped materials. The study of the excitation mechanism is a crucial point in the development of the technologies for synthesizing light-emitting materials, and the generation of pure green and red emissions, using blue and UV incoherent excitation sources, is of particular interest. Thus, in this work, the influence of annealing temperature on phase formation and the excitation mechanism of Tb 3+ ions in an inorganic matrix comprising yttrium-alumina oxides in porous anodic alumina ͑PAA͒ films are investigated. Interest in the synthesis of lightemitting materials in PAA arises from its unique tailor-made honeycomb structure, 7 strong luminescence of the embedded impurities, 8, 9 and the great photonic density of states in directions along the channels of the pores.
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Experimental
In the experiments, superpure aluminum was magnetronsputtered onto a planar side of a polished wafer of monocrystalline silicon. Aluminum was completely anodized in a 1.2 M orthophosphoric acid solution at a constant temperature of 17°C and a constant voltage of 130 V. From scanning electron microscopy, the PAA thickness was 9 m, and the average pore diameter was 140 nm. Yttrium-alumina oxides were prepared by stage-by-stage dissolution of nitrate salts ͑Sigma-Aldrich͒ Y͑NO 3 ͒ 3 ·4H 2 O ͑99.99% purity͒, Al͑NO 3 ͒ 3 ·9H 2 O ͑98% purity͒, and Tb͑NO 3 ͒ 3 ·5H 2 O ͑99.9 purity͒ in an aqueous-alcoholic solution, with pH adjusted to 2 with diluted nitric acid. As a stabilizer, citric acid in the molar ratio ͓metal ions͔/͓citric acid͔ = 1/3 was used. Terbium-containing solution was deposited on PAA by sequential spinning at a rate of 2700 rpm, followed by drying at 200°C, and a final 30 min annealing at temperatures up to 1100°C. The average size of the sample was about 1 ϫ 1 cm.
Incident light from the xenon lamp ͑450 W͒ from the monochromator ͑Jobin Yvon TRIAX 180͒ was focused on the sample. The photoluminescence ͑PL͒ and the photoluminescence excitation ͑PLE͒ signals were collected and transmitted by an optical fiber to the spectrometer ͑HR4000 Ocean Optics͒ and were divided by the light source characteristic. The flash xenon lamp and strobe detector coupled with monochromators were used to observe the timeresolved spectra. The X-ray spectra were collected by a Philips diffractometer supported by the parallel beam optic and Cu K␣1 radiation source, = 0.15406 nm.
Results and Discussion
Structural data.- Figure 1 shows the X-ray diffraction ͑XRD͒ patterns of the fabricated structures after annealing at temperatures ranging from 400 to 1100°C. The pattern for the sample heated at 400°C indicates a fully amorphous structure of the sample. However, when the annealing temperature increases, the XRD patterns show diffraction lines, which can be ascribed to the formation of polycrystalline phases composed from YAlO 3 and Al 2 O 3 crystalline phases ͑JCPDS card no. 16-0219, 38-0222 and 04-0878, 10-0173, respectively͒. Particularly, at the beginning of the annealing ͑500-700°C͒, these two phases seem to coexist together; however, when the films are annealed at 700-800°C, a separation of these two phases takes place and the domains of two different phases are formed. As a consequence of this process, the quality of the XRD signal is reduced. However, higher annealing improves the crystallinity of these domains, and the XRD peaks become much stronger except for the sample heated at 1100°C, whose crystallographic quality strongly decreases. The latter effect is more difficult to explain and could be due to the new defect formation or simply due to the crack formation on the film or the directional growth of the domains. Both effects reduce the amount and quality of the detected XRD signal.
Emission spectra.-The PL spectra of Tb-doped yttriumalumina oxide/PAA film structures annealed within 400-1100°C obtained for the excitation wavelength of 266 nm are shown in Fig. 2 Even if we deal with two phases in our matrix, due to a big difference between the atomic radii of Tb and Al ions and the similarities between the atomic radii of Tb and Y ions, it is expected that most of the Tb ions are placed in the YAlO 3 phase, where ions then take place in the site with the C s symmetry containing only one mirror plane without inversion symmetry. As a result, their luminescent intensity is concentrated mainly on the 5 D 4 → 7 F 5 forced electric dipole transition rather than the 5 D 4 → 7 F 6 magnetic dipole transition, which was exactly observed in our case. Moreover, the samples do not reveal broad blue PL bands observed for the PAA matrix enriched with F-centers or organic groups. 11 Thus, the coatings for preferentially green light emission were formed.
The inset of Fig. 2a illustrates the evolution of the PL intensity for the 5 D 4 → 7 F 5 band as a function of annealing temperature. It is evident that the emission intensity strongly depends on the annealing temperature and increases noticeably for samples annealed above 900°C. Additionally, Fig. 2b shows the normalized PL intensity of the 5 D 4 → 7 F 6 transition band as a function of registration temperature for the samples annealed within the range 400-1100°C. For the samples annealed at increased temperatures, an almost linear emission quenching is observed with very low quenching activation energies ͑ϳ30 meV͒, whereas for less crystalline matrices, PL quenching is characterized by an activation energy of ϳ300 meV. Below these energies ͑all indicated in Fig. 2b͒ , the Tb 3+ emission intensity does not depend on temperature, as expected in general for the RE ions, whereas above this energy, it decreases by a factor of 1.4-1.7. Based on the obtained values of activation energies, we have excluded, as a main quenching mechanism, the mutiphonon relaxation within the Tb ion because the energy characteristic for this rate is the energy between the energy levels of Tb ions whose relative position should change with the annealing as much as a few hundred millielectron volts. Conversely, it is expected that if the Tb ions are excited indirectly, for example, due to energy transfer, their emission should depend on annealing because this process changes the matrix properties, which participates in the energy-transfer process. Thus, the results suggest that in the fabricated samples, the indirect excitation of Tb ions takes place for samples annealed at lower temperatures, and this excitation mechanism depends on the crystallinity of the samples.
Excitation spectra.-To analyze the excitation mechanisms of Tb ions embedded in the yttrium-aluminum oxide/PAA, total photoluminescence excitation ͑TPLE͒ spectroscopy was applied for the samples annealed at temperatures between 400 and 1100°C. Figure  3a shows the two-dimensional ͑2D͒ PLE map of the yttriumalumina oxide/PAA film structure annealed at 1100°C. The colors of the map correspond to the PL intensity plotted as a function of both excitation and emission wavelengths. The main three optical transitions, e.g., 5 , discussed above are well resolved. Similar maps were obtained for all fabricated samples, and the TPLE data were obtained by calculating the integral over the emission wavelengths for the observed emission bands fitted by the Gaussian curves for each excitation wavelength ͑Fig. 3b͒. Analyzing the data in Fig. 3b indicates that several excitation mechanisms of Tb PL related to the f-f transitions should be considered, namely ͑i͒ direct Tb 3+ excitation through the f-f transition, ͑ii͒ direct Tb 3+ excitation through the f-d transition, ͑iii͒ excitation through the defect assisted energy transfer, and ͑iv͒ chargetransfer transition. The excitation through the crystalline matrix, when the carriers are excited to the conduction band from the valence band and then to the Tb ions, is excluded because of the wide bandgap of Tb-doped host materials ͑below 200 nm͒. Additionally, the charge-transfer mechanism can be excluded from consideration because based on Nakazawa's empirical estimation, 12 also including electron-electron interactions, the corresponding charge-transfer band should appear at ϳ139 nm.
Thus, the observed main excitation bands at about 235, 270, and 320 nm may be associated with the allowed low spin ͑LS͒ 5d 2 , 5d 1 ͑LS͒, and forbidden high spin ͑HS͒ 5d 1 f-d transitions, 13 Also, in other common matrices, these bands have been observed; i.e., bands at 224 and 268 nm were reported for YPO 4 , with bands at 216 and 260 nm for CaF 2 or bands at 213 and 257 nm for LiYF 4 .
14 Additionally, for samples annealed above 900°C, excitation from 7 F J to the ͑ 5 G 5 , 5 L 10 , 5 G 6 , 5 D 3 ͒ energy levels of Tb ions is also observed at around 350 nm. The excitation spectra for these samples in this spectral range are multiplied by a factor of 100 for better clarity of this band. To analyze the influence of annealing on the excitation mechanism of Tb ions in more detail, all excitation spectra have been fitted by Gaussian curves, and the obtained parameters are listed in Table I . The main conclusion from the obtained results is that with annealing, the splitting between the 5d 1 ͑LH͒ and 5d 2 ͑LH͒ levels changes by 230 meV, whereas the splitting between the LS and HS levels of the 5d 1 state changes only by 100 meV in the whole ͑400-1100°C͒ temperature range. It has been suggested by Dorenbos 13 that exchange splitting correlates with the centroid shift, which strongly depends on the amount of covalency between the 5d and anion ligands and from the correlated motion of the 5d electrons with ligand electrons. Crystal field splitting is caused not only by an exchange but also by a coulomb interaction between the 5d electron and anion ligands. Taking these findings into account, we can conclude that observed changes in PL spectra vs annealing are not only due to the reduction in number of available Tb sites but also due to changes in the local chemical environment ͑crystals fields͒.
However, even if the values listed in Table I are reasonable great care must be taken when comparing these values with the other literature data. 13 This is because the obtained excitation bands ͑dis-cussed in the next paragraph͒ can be distorted by photonics effects induced by the porous matrix, 15, 16 which should also be taken into account when considering absolute values describing excitation ͑de-cay͒ spectra of Tb ions in similar matrices. Such a detailed discussion related to this issue will be given in our next paper.
In addition to the main resonant excitation through the f-d absorption bands, for samples annealed at low temperatures a further excitation mechanism, namely the energy transfer from the defect states at the tail of the density of states, should be considered. 17 This process can compete with the f-d excitation for the ratio between this process and the f-d excitation should decrease as the annealing temperature increases and the matrix becomes more crystalline. This effect has been clearly observed in the TPLE spectra for annealing temperatures above 800°C; the well-resolved structure appears in the spectra instead of a very broad excitation band. At these higher temperatures, a reorganization of the disordered Tb-doped matrix takes place ͑see Fig. 1͒ with a simultaneous reduction of the defectrelated density of states. As a result, the excitation of Tb ions through the energy transfer from the defect states becomes less pos- Table I . Parameters obtained from fitting the excitation spectra by using Gaussian curves. I LS"HS… describes the intensities of the excitation bands related to 5d 1 transitions to LS and HS, ⌬d 2−1 "LS… describes splitting between 5d 1 and 5d 2 LS levels, and ⌬ HS-LS "5d 1 … describes splitting between HS and LS levels of 5d 1 energy level. sible, whereas a direct excitation through the f-d and f-f transitions is more probable. Consequently, for the sample annealed at 900°C, three efficient excitation bands ͑235, 270, and 320 nm͒ related to the f-d transitions can be clearly resolved. However, for the samples annealed at lower temperatures, these main excitation f-d bands overlap with the broad excitation band associated with the energy transfer from the defect states to the f-electrons of Tb ions.
Emission decay time analysis.-In the next step, lifetime measurements for the most intensive emissions bands related to the 5 D 4 → 7 F 5 and 5 D 3 → 7 F 6 transitions have been made for all samples through the most intensive f-d excitation band at 270 nm. To fit all data, the maximum entropy method ͑MEM͒ model has been used. 18 This model assumes that the emission arising from different sites is characterized by a distribution of decay constants ͑discrete distribution spaced logarithmically͒, which is expected for Tb ions in the samples annealed at low temperatures but should also be valid for samples annealed at higher temperatures. The advantage of this method is that no luminescence decay model or physical model of the material is required a priori. The resultant distributions of decay times are given in Fig. 4a and b for both transitions.
The emission band related to the 5 D 4 → 7 F 5 transition in all samples is characterized mainly by two different averaged decay times of 2 G ͑ϳ1000 s͒ and 3 G ͑ϳ3000 s͒, which strongly depend on the annealing conditions, and their efficiencies ͑amplitudes͒ reveal a contrasting behavior with an increase in annealing temperature. For both processes, a significant change in decay time distribution can be observed at 800°C. The shorter process ͑ 2 G ͒ becomes strongly quenched, and the characteristic for this process averaged decay time is shifted to smaller values down to ϳ700 s ͑factor of 1.5͒. On the contrary, the efficiency of the longer process ͑ 3 G ͒ strongly increases and the characteristic for this process averaged decay time increases up to ϳ4000 s ͑factor of 1.6͒. Moreover, for samples annealed below 1000°C, a very weak third ͑ 1 G ϳ 200 ms͒ component of the Tb-related emission decay can be observed. The intensity of this process strongly decreases almost to zero above 800°C, but it is believed that this component is still present for all annealing temperatures. This component could be related to Tb ions placed at some other competitive site, for example, in the amorphous Al 2 O 3 phase or could come from very weak defects related to emission overlapping with the emission from the Tb ions.
Based on these findings, it can be proposed that the observed Tb-related emission signal is averaged over the emission originating from Tb ions in an amorphous matrix ͑ 2 G ͒ as well as from a more crystalline matrix ͑ 3 G ͒, mostly the YAlO 3 matrix. However, when the annealing temperature increases, the amount of amorphous phase in the matrix reduces, and the contribution of amorphous sites to the total terbium emission also reduces. The data in Fig. 4 also illustrate that the distribution of decay times reduces with annealing, i.e., with improvement in sample crystallinity, which was confirmed already by the XRD, PL, and TPLE data.
To analyze the influence of annealing temperature on the recombination process in Tb ions in more detail, decay curves have been obtained also for a higher energy 5 In the last point, based on trimodal distribution of decay times obtained by the MEM method, we have fitted our decay data by the three-exponential function, and the obtained results are presented as bars in Fig. 4a and b , where the high values of these bars corresponding to obtained amplitudes are characteristic of each component. As can be seen, the obtained results reasonably agree with the ones obtained from the MEM method.
Conclusions
In summary, a low cost inorganic matrix, comprising terbiumdoped yttrium-alumina oxide deposited on PAA was fabricated, and terbium PL was studied over the annealing temperature range 400-1100°C. For all the investigated annealing temperatures, the most intense green emission is observed with the dominant transition band 5 D 4 → 7 F 5 at 543 nm. Moreover, for the annealing temperature range 900-1100°C, the green emission is enhanced simultaneously with the appearance of the 5 D 3 → 7 F J transition bands. Two main excitation processes for Tb ions, depending on the matrix crystallinity, have been found and are explained as the direct Tb excitation through the f-d ͑and f-f͒ transitions, dominating in a more crystalline matrix with the maximum efficiency at 270 nm, and the excitation through the energy transfer from the defect states, characteristic of more amorphous matrices. By taking into account that the tailoring of the honeycomb cells of PAA may result in the enhancement of scattering of the UV light, covering the range of efficient terbium excitation through the f-d transitions, namely, 270 nm, we consider a terbium-doped inorganic matrix on the basis of PAA as prospective for green terbium emission within the broad temperature range of applications. 
